The hydrophobic cuticular membrane of land plants performs a number of important roles during fruit development, including protection from a range of abiotic and biotic stresses. The components of the fleshy fruit cuticle are synthesized and secreted from the epidermal cells. While the biosynthetic and transport pathways of the cuticle have been thoroughly investigated for a number of decades, the regulatory mechanisms allowing fine tuning of cuticle deposition are only now beginning to be elucidated. Transcription factors belonging to the APETALA2, homeodomain-leucine zipper IV, and MYB families have been shown to be important regulators of both cuticle biosynthesis and epidermal cell differentiation, highlighting the connection between these processes. The involvement of MADS-box transcription factors demonstrates the link between fruit ripening and cuticle deposition. Epigenetic and post-transcriptional regulatory mechanisms also play a role in the control of cuticle biosynthesis, in addition to phytohormones, such as abscisic acid, that have been shown to stimulate cuticle deposition. These various levels of genetic regulation allow the plant constantly to maintain and adjust the cuticle in response to environmental and developmental cues.
Introduction
The colonization of terrestrial environments by aquatic plants occurred approximately 450 million years ago, resulting in a number of challenges to plant survival including desiccation, increased temperature changes, and UV radiation (McCourt et al., 2004; Bargel et al., 2006) . In order to successfully overcome these new difficulties land plants evolved a lipophilic surface layer that covered all their aerial parts. This lipophilic layer is known as the cuticular membrane or cuticle and is considered a major driving force towards terrestrial colonization by plants. During recent decades, intensive study has illuminated the complex network underpinning the processes associated with cuticle biosynthesis, regulation, and trafficking of its building blocks.
Briefly, the cuticular layer is a continuous hydrophobic structure, composed predominantly of two components: cutin, a covalently linked macromolecular scaffold of longchain fatty acids; and wax, very-long-chain fatty acids and their derivatives (Kunst and Samuels, 2003; Pollard et al., 2008; Samuels et al., 2008; Yeats and Rose, 2013) . The unpolymerized waxes are embedded in and deposited on top of the cutin matrix, which in turn is connected to the polysaccharides of the outer cell wall of the underlying epidermal cells (López-Casado et al., 2007) . The cuticular membrane from different species and different organs may contain additional metabolites such as flavonoids and sterols (Kunst and Samuels, 2003; Domínguez et al., 2011) . A wide variety of cuticle structures can be found throughout the plant kingdom, which can be attributed to differences in monomer composition of the cutin and waxes as well as the inclusion of a number of secondary metabolites. All the cuticle components and building blocks are produced and secreted by the epidermal cells (Kunst and Samuels, 2003; Yeats and Rose, 2013) .
As the primary barrier between the relatively dry atmosphere and the aerial parts of higher plants, the major roles of the cuticle have traditionally been considered to be protection against abiotic stresses such as osmotic stress and radiation, and against biotic stresses such as pathogens and pests. More recently, however, a broader picture has emerged, as cuticle formation has become understood to be tightly linked with fundamental cell developmental processes, such as organ development and cell patterning (Neinhuis and Barthlott, 1997; Riederer and Muller, 2006; Reina-Pinto and Yephremov, 2009; Javelle et al., 2011; Shi et al., 2013) . Fleshy fruit cuticles must be specifically adapted to protect and prevent dehydration of the fruit during development and rapid fruit expansion. The cuticle must therefore be sufficiently elastic and strong enough to cope with the high forces exerted upon it as the fruit expands.
Much of the knowledge regarding cuticle biosynthesis and regulation has been generated in the model plant Arabidopsis thaliana. Due to a large suite of genetic tools and comprehensive mutant availability, studies using Arabidopsis have led to many novel discoveries related to the cuticle (Nawrath, 2006; Pollard et al., 2008; Samuels et al., 2008) . However, the Arabidopsis cuticle is extremely thin and delicate, and contains stomata (Franke et al., 2005) , which are undesirable characteristics when investigating cuticle biology. In contrast to Arabidopsis, tomato (Solanum lycopersicum L.) fruit offer a convenient and possibly more suitable system as the cuticle is relatively thick and does not contain stomata, providing a continuous, easy to isolate surface ( Fig. 1) (Vogg et al., 2004) . Additionally, studies in tomato fruit provide insight on processes associated with crop quality and postharvest traits, as cuticular characteristics have a major impact on physiology and quality of fleshy fruit. The surface influences the outward appearance of the fruit (colour, glossiness, texture, and uniformity), efficacy of postharvest treatments, storage, transport, and shelf life (Saladié et al., 2007; Isaacson et al., 2009; Domínguez et al., 2011) . Hence, knowledge regarding the regulation of surface properties and therefore cuticle biosynthesis is fundamental for the improvement of fruit quality traits.
Angiosperm species possess both dry and fleshy fruit. Both types probably evolved independently several times in a variety of plant lineages (Bemer et al., 2012) . The fact that dry and fleshy fruit exist within multiple plant phyla suggests that the adaptation of one form from the other requires minimal evolutionary steps. Thus, it can be assumed that the transcriptional regulatory network involved in the development of both dry and fleshy fruits may have many similarities. As such, while this review focuses on the regulation of cuticle biosynthesis in fleshy fruit, relevant studies in other species are also reviewed. The importance of forming a proper fruit cuticular barrier suggests that cuticle assembly is continuously regulated during plant growth and development as well as in response to environmental cues. Recent studies have reported on the tight link between the regulation of cuticle biosynthesis and developmental processes such as formation of epidermal cells. Such regulatory pathways are most often mediated through transcription factors. Since the first cuticleassociated transcription factor SHINE1/WAX INDUCER1 (SHN1/WIN1) was discovered (Aharoni et al., 2004; Broun et al., 2004) , major progress has been made, and today several transcription factors from a range of gene families have been characterized (Table 1) . A number of additional regulatory mechanisms, such as post-transcriptional and epigenetic regulation, were also reported. This review will summarize these discoveries with emphasis on the regulation of fleshy fruit cuticular pathways.
Transcription factors associated with cuticle assembly

The role of family members among APETALA2/ ETHYLENE-RESPONSIVE ELEMENT BINDING PROTEINS
The APETALA2/ETHYLENE-RESPONSIVE ELEMENT BINDING PROTEINS (AP2/EREBP) comprise one of the largest groups of transcription factors in plants. Members of this transcription factor superfamily possess at least one APETALA2 (AP2) DNA-binding domain. These proteins regulate diverse biological processes including hormone biosynthesis, reproduction, cell proliferation, and abiotic and biotic stress responses (Gutterson and Reuber, 2004; Xu et al., 2011) . Several members of this family have also been demonstrated to regulate cuticle-related genes. Nearly 20 years ago, the maize (Zea mays L.) APETALA2-like gene Glossy15 ( Moose and Sisco, 1996) was reported to regulate leaf epidermal cell identity (Evans et al., 1994; Sisco, 1994, 1996) . Recessive mutation of gl15 in maize results in a switch from the juvenile to the adult phase earlier than in wild-type plants. Interestingly, this mutation only affects the character of the epidermis and does not have any effect on the overall vegetative morphology of the plant or on its reproductive development. Mutant gl15 plants lack visible epicuticular wax, possess epidermal hairs and rectangular epidermal cells, and have highly crenulated lateral walls; these are all characteristics of the adult phase which apparently occurs earlier in the mutant (Evans et al., 1994; Moose and Sisco, 1994) . GL15 is therefore an example of a gene that is associated with epicuticular wax formation, while having a wide effect on the epidermal cells and the genetic programme of the juvenile phase of the plant.
In Arabidopsis, the AP2-domain super family member SHN1/WIN1 was the first to be recognized for its role in cuticular wax metabolism (Aharoni et al., 2004; Broun et al., 2004; Kannangara et al., 2007) . Overexpression of AtSHN1/ WIN1 promotes cutin biosynthesis and the rapid induction of several cutin-biosynthetic genes (Kannangara et al., 2007) . However, while wax biosynthesis was also increased, the induction of wax-related genes was delayed and suggested to be a secondary effect. The down-regulation of AtSHN1/ WIN1 caused significant changes in petal cutin monomer composition, together with a reduction of the total cutin content (Kannangara et al., 2007) . Shi et al. (2011) suggested an additional role in cell wall metabolism for AtSHN1 and its related proteins (i.e. AtSHN2 and AtSHN3) beyond the regulation of the cutin metabolic pathway. The expression of AtSHN1/WIN1 may be further modulated by the AtNFX1-LIKE2 transcription factor (Lisso et al., 2012) .
In some plants, cuticular wax deposition increases daily during the light as compared to the dark period (Giese, 1975; Shepherd et al., 1995) . A recent report shows that Decrease Wax Biosynthesis (DEWAX), which encodes an AP2/ERFtype transcription factor, is a transcriptional repressor of cuticular wax biosynthesis (Go et al., 2014) . DEWAX was identified using microarray data for higher expression in stem epidermal peels than in whole stems, and found to be dark inducible. In addition, DEWAX was found directly to mediate the transcriptional repression of several wax-related genes, including FAR6, CER1, LACS2, ACLA2, and ECR, via binding their promoters. DEWAX expression correlated with wax biosynthetic genes in daily dark/light cycles. The relationship between DEWAX activity throughout the day and other regulators of wax biosynthesis remains unclear.
Recent work investigating the role of SHN transcription factors in the fruit cuticle identified three tomato orthologues of the AtSHN1-3 clade members (Shi et al., 2013) . The study focused on characterizing a single member (SlSHN3) which was highly expressed in the exocarp of mature green stage fruit, resembling expression of other cuticle-related genes SlCYP77A1, SlGDSLa, SlGDSLb/ SlGDSL1, SlDCR, SlGPAT6, SlLACS2, SlHTH, SlSHN2, SlSHN3, SlHDG11a, SlANL2c Shi et al. (2013) ; Buxdorf et al. (2014) MYB12 (Solyc01g079620)
Regulation of the flavonoid pathway Tomato Grape , F3H, FLS, CHI SlPDH, SlPAL, SlC3H, Sl4CL, SlCHS1, SlCHS2, SlCCR, SlCHI, SlF3H, SlF3′H, SlFLS, SlRT, ( Mintz-Oron et al., 2008) . Silencing SlSHN3 in tomato resulted in a dramatic reduction in cuticle formation ( Fig. 2A and B) (Shi et al., 2013) . Various other epidermis-associated phenotypes such as a glossier surface and thicker as well as more sharply defined primary cell wall were also observed (Shi et al., 2013) . Chemical analysis showed that silencing of SlSHIN3 reduced the amount of cutin and wax in the tomato fruit cuticle. It was suggested that besides the regulation of genes associated with cutin metabolism, SlSHN3 possibly controls the expression of regulatory genes associated with epidermal cell patterning including tomato genes similar to GLABRA2 and MIXTA ( Fig. 2C ) (Shi et al., 2013) . This and other mechanisms involved in the regulatory connection between epidermal cell differentiation and cuticle biosynthesis are discussed later in this review. SlSHN3 was also found to be expressed in the inner epidermal layer of tomato fruit (Matas et al., 2011; Shi et al., 2013) . The inner epidermal layer separates the pericarp from the underlying locule region and has been shown to secrete a waxy layer similar to the external cuticle (Mintz-Oron et al., 2008; Matas et al., 2011) . Promoter assays using the GUS reporter gene demonstrated the activity of the SlCER6 promotor in both the inner and outer epidermal layers. SlCER6 is a tomato orthologue to the characterised Arabidopsis CER6 gene involved in very-long-chain fatty acid elongation (Vogg et al., 2004; Mintz-Oron et al., 2008) . Matas et al. (2011) profiled gene expression in multiple tissues of tomato fruit, and demonstrated that a number of cuticle biosynthesis genes were expressed in the inner epidermal layer. The expression of SHN3 and other known regulators of cuticle biosynthesis in this tissue suggested that similar mechanisms of regulation are in operation (Fig. 3 ).
CHS
More recently, Buxdorf et al. (2014) demonstrated the importance of the cuticle in tomato plant-pathogen interactions. In this study, SlSHN3 was shown to regulate tomato leaf cuticle biosynthesis as leaves of SlSHN3 over-expressing plants (SlSHN3-OE) were shiny, underdeveloped and Matas et al. (2011) revealed a similar genetic basis for the biosynthesis of the inner and outer epidermal cuticular layers. A bisected tomato is shown (scale bar, 10 mm) and an enlarged area (scale bar, 1 mm) with the location of expression for transcription factors discussed in this review (or the tomato orthologue) is shown. Yellow arrows indicate outer epidermal expression; red arrows indicate inner epidermal expression. Orthologues of GL2 (GLABRA2), MYB12, MYB41 and CER7 discussed here were not found to have epidermal-specific expression patterns in the expression dataset generated by Matas et al. (2011) . WXP, WAX PRODUCTION; CD2, CUTIN DEFICIENT2; CER, ECERIFERUM. (SlSHN3) forms part of a transcriptional network regulating cuticle development and epidermal cell differentiation in tomato fruit. Silencing of the SlSHN3 transcription factor in tomato resulted in reduced cuticle deposition in tomato fruit as shown by light microscopy analysis of (A) wild-type and (B) SlSHN3-RNAi tomato peel sections (Shi et al., 2013) . Additionally, the epidermal cells of the SlSHN3-RNAi tomato sections in (B) do not possess the conical shape observed in the wild-type shown in (A) (Shi et al., 2013) . Tissue was stained with the lipid-specific Sudan IV stain resulting in the cuticular membrane staining orange. Scale bar, 50 µm. The schematic (C) illustrates the primary role played by the SlSHN3 transcription factor in the regulation of tomato fruit surface characteristics. SlSHN3 downstream activity is mediated though the induction of a number of other transcription factors, as well as through direct action on cuticle biosynthesis genes (Shi et al., 2013) . Grey highlight indicates downstream transcription factors; bold arrows indicate that the relationship has been characterized by a promoter-binding assay (while thin arrows show relationships inferred from expression analysis); dashed lines indicate the inferred function from orthologues characterized in other species. GL2, HDG11a and ANL2c -HD-ZIP IV genes; CYP, cytochrome P450; GDSL, GSDL-motif lipase; DCR and GPAT, acyltransferases; LACS, long-chain acylCoA synthetase; HTH, an oxidoreductase. displayed increased permeability (Buxdorf et al., 2014) . SlSHN3-OE leaves were, however, more resistant than the wild-type leaves to the necrotrophic foliar pathogen Botrytis cinerea, and the biotrophic bacterial pathogen Xanthomonas campestris pv. Vesicatoria; SlSHN3-RNAi lines appeared more sensitive. These results strengthened the previously proposed model in which increased cuticle permeability may provide the plant with increased resistance to fungal infection, possibly due to an incremental release of fungitoxic compounds (Bessire et al., 2007; Chassot et al., 2007) .
The legume Medicago truncatula Gaertn. AP2 transcription factors WAX PRODUCTION1 (WXP1) and WAX PRODUCTION2 (WXP2) were shown to have a major effect on cuticular wax accumulation when overexpressed in alfalfa (Medicago sativa L.) and Arabidopsis. Phylogenetic analysis showed that WXP1 is distinct from most of the known AP2 domain-containing transcription factors based on examination of their complete protein sequences. Overexpression of WXP1 in alfalfa led to typical wax induction phenotypes, including a significant increase in cuticular wax, accumulation of wax crystals, induction of wax-related genes, reduced water loss and chlorophyll leaching, and enhanced drought tolerance (Zhang et al., 2005) . Further work by Zhang et al. (2007) characterized plants with heterologous expression of WXP1 and its paralogue WXP2 from M. truncatula in Arabidopsis. Interestingly, both genes were found to be involved in wax production, but with different morphological and cellular responses. Equally, overexpression of WXP1 and WXP2 in Arabidopsis led to significantly increased cuticular wax deposition, but these two genes affect wax composition differently. Cuticle permeability determined by chlorophyll leaching assays revealed no change in WXP1-expressing plants in comparison to high permeability in the WXP2 plants. Both transgenic plants retained more water than the control and displayed enhanced drought tolerance. However, WXP1-overexpressing lines exhibited enhanced freezing tolerance while WXP2-overexpressing lines were more sensitive. This study highlighted the complexity of the cuticle production network, and how seemingly similar genes affect plant characteristics and survival very differently.
MYB transcription factors and the regulation of cuticular wax metabolism
Most MYB family members typically function as transcription factors and include proteins with varying numbers of MYB domain repeats, providing their ability to bind DNA (Martin and Paz-Ares, 1997; Dubos et al., 2010; Ambawat et al., 2013) . Although MYB transcription factors are not restricted to plants, some of these proteins function in a variety of plant-specific processes, as evidenced by their extensive functional characterization in Arabidopsis. MYB proteins seem to be key factors in regulatory networks controlling development, metabolism and responses to biotic and abiotic stresses (Martin and Paz-Ares, 1997; Dubos et al., 2010; Ambawat et al., 2013) . Based on the number of MYB domains, the MYB family can be divided into four classes: 1R-, R2R3-, 3R-, and 4R-MYB proteins (Stracke et al., 2001; Dubos et al., 2010) . R2R3-MYB proteins are specific to plants and are also the most abundant class in plant genomes, with more than 100 R2R3-MYB members in the genomes of dicots and monocots (Ambawat et al., 2013) .
In addition to cutin and wax, the cuticle of many fruit species also contains secondary metabolites such as triterpenoids, sterols, alkaloids and phenylpropanoids, including flavonoids. For example, the flavonoid naringenin chalcone accumulates up to 1% dry weight of the tomato fruit cuticle (Muir et al., 2001) . The plant flavonoid, anthocyanin, and proanthocyanidin biosynthesis pathways have been shown to be regulated by MYB-type transcription factors in several plant species [e.g. maize, petunia, Antirrhinum majus L., Arabidopsis, tobacco, grape, and apple] (Mehrtens et al., 2005; Deluc et al., 2006; Gális et al., 2006; Bogs et al., 2007; Stracke et al., 2007) . MYB12, an R2R3 protein, was demonstrated to play an important role in regulating the flavonoid pathway in tomato fruit (Adato et al., 2009; Ballester et al., 2010) . Previous studies have elucidated the role of MYB12 in regulation of the production of flavonols in Arabidopsis (Mehrtens et al., 2005) and grape (Matus et al., 2009) . In tomato, the so-called y mutant, displaying a pink fruit phenotype, showed low expression of MYB12 that led to a lack of the flavonoid pigment naringenin chalcone in the fruit cuticle (Fig. 4) . Mutation in MYB12 was suggested to lie behind the y fruit phenotype. The y mutant fruit also possessed broad effects on both primary and secondary metabolism, alterations in thickness, elasticity, cutin content, and wax composition of the cuticle. However, the lack of naringenin chalcone did not have a major impact on fruit water relations (Adato et al., 2009; Ballester et al., 2010) .
In grapevine, an R2R3-MYB transcription factor (VvMYB5b) has been suggested to act as a regulator of cuticular wax accumulation (Mahjoub et al., 2009) . Overexpression of VvMYB5b in tomato plants produced a variety of Fig. 4 . The y mutant phenotype. Enzymatically isolated cuticles show the near absence of colour development and flavonoid accumulation during tomato development in y mutant peels when compared with wild-type (W.T.) ones (Adato et al., 2009) . The y mutant tomato has significantly reduced MYB12 expression. The phenotype is more strongly visible after separation of the cuticles from the fruit due to the presence of red carotenoid pigment in the underlying pericarp.
pleiotropic phenotypes, including modified leaf structure, alterations in floral morphology, and glossy fruit appearance. These phenotypes are typical of plants possessing an altered cuticular membrane. Chemical analysis of the tomato fruit revealed a decrease in the total amyrin content, specifically β-amyrin, which is the precursor to oleanoic acid, the major triterpenoic acid found in grape berry cuticles (Mahjoub et al., 2009) . While inferring the function of transcription factors from overexpression in a heterologous system could be inaccurate, it is possible that VvMYB5b regulates similar pathways in grapevine. Further study, however, is required to identify the downstream targets of VvMYB5b in grape.
MYB family transcription factors have also been reported to act in the regulation of cuticular wax pathways in nonfruit tissues. The MYB factor AtMYB30 was shown to regulate very-long-chain fatty acid biosynthesis as part of the hyper-sensitive cell death response (Raffaele et al., 2008) . In this work, wild-type, MYB30 overexpression, and MYB30 antisense plants were inoculated with a bacterial pathogen prior to microarray analyses. This experiment revealed that genes encoding the VLCFA elongase subunits are the main putative targets of MYB30. Likewise, the expression of wax-related genes (CER2 and CER3) was found to be upregulated in the MYB30 overexpression plants during pathogen infection, indicating that wax synthesis might be under MYB30 regulation. A different MYB factor, AtMYB41, was found to alter cell expansion, leaf surface permeability, and cuticle deposition in response to abiotic stress (Cominelli et al., 2008) . Further transcriptome and metabolome analysis suggested that AtMYB41 is involved in the control of primary metabolism and regulation of short-term transcriptional responses to osmotic stress (Lippold et al., 2009) . MIXTA, another MYB-related protein, was reported to participate in the transcriptional control of epidermal cell shape and to affect flower colour intensity in Antirrhinum petals (Noda et al., 1994) . Very recently, the MIXTA-like MYB transcription factors MYB106 and MYB16 were shown also to regulate cuticle development coordinately with WIN1/ SHN1 in Arabidopsis and Torenia fournieri Lind. (Oshima et al., 2013) .
The link between MADS-box ripening regulators and cuticle formation
The MADS-box gene family has been found in animals, fungi, and plants. The function of the different MADS-protein domains includes DNA binding, protein-protein interactions, transcriptional activation or repression, and protein complex formation (Cho et al., 1999; Egea-Cortines et al., 1999; de Folter and Angenent, 2006) . Based on sequence conservation in the MADS domain, these transcription factors can be grouped into two main lineages named type I (SRFlike) and type II (MEF2-like) (Alvarez-Buylla et al., 2000) . Plant MADS-box genes are known to play a role in a myriad of developmental processes, among them the regulation of floral organ identity, determination of meristem identity, root growth, ovule and female gametophyte development, flowering time, fruit ripening, and dehiscence (Zhang and Forde, 1998; Ng and Yanofsky, 2001; Giovannoni, 2004; Whipple et al., 2004; Colombo et al., 2008; Liu et al., 2009) .
In the process of studying fruit ripening, several tomato MADS-box genes (including TOMATO AGAMOUS LIKE1, FRUTFULL1/TDR4 and FRUTFULL2/MBP7) were found to be involved in the fruit-ripening regulation network (Itkin et al., 2009; Vrebalov et al., 2009; Giménez et al., 2010; Bemer et al., 2012; Shima et al., 2013) . Recently, FUL/TDR4 and FUL2/MBP7 were shown to have an impact on the cuticle formation of the tomato fruit (Bemer et al., 2012) . FUL1/2-silenced fruits showed increased water loss. While both pericarp and cuticle thickness did not differ between wildtype and transgenic lines, transcriptome analysis suggested altered lipid and cuticle metabolism in FUL1/2 fruit. Cuticleassociated genes including a cytochrome P450-dependent fatty acid hydroxylase, a long-chain acyl-CoA synthetase family protein and a GDSL-like lipase were strongly up-regulated in the FUL1/2 transgenic fruits (Bemer et al., 2012) . The fact that fruit ripening regulatory genes also affect cuticle formation re-emphasizes the role of cuticle-related genes in the general developmental programme of the plant.
The homeodomain-leucine zipper IV subfamily in the L1 layer and the cuticle
The homeodomain-leucine zipper (HD-Zip) family of genes are a group of transcription factors unique to the plant kingdom. Of particular interest to cuticle research is the HD-Zip IV subfamily, whose members have been found to be specifically or preferentially expressed in the epidermal layers of many plants. HD-Zip IV transcription factors contain a DNA-binding homeodomain as well as a START (steroidogenic acute regulatory lipid transfer) domain which probably binds regulatory lipids (Schrick et al., 2004) . A number of these proteins have been found to be associated with the transcriptional control of epidermal cell differentiation, anthocyanin accumulation, the regulation of lipid biosynthesis and transport, and cuticle biosynthesis. The first identified HD-Zip IV factor was the Arabidopsis GLABRA2 (GL2) which was shown to regulate trichome and root hair development (Hülskamp et al., 1994; Rerie et al., 1994; Di Cristina et al., 1996; Masucci et al., 1996) . Other characterised HD-Zip IV members in Arabidopsis include ANTHOCYANINLESS 2 (ANL2), ARABIDOPSIS THALIANA MERISTEM LAYER 1 (ATML1), PROTODERMAL FACTOR 2 (PDF2) and HOMEODOMAIN GLABROUS 11 (HDG11). ANL2 positively regulates anthocyanin accumulation in the epidermal cells (Kubo et al., 1999) , while HDG11 regulates trichome development (Nakamura et al., 2006) , and ATML1 and PDF2 are involved in shoot epidermal cell differentiation (Lu et al., 1996; Sessions et al., 1999; Abe et al., 2003) . ATML1 and PDF2 are expressed predominantly in the outermost layer (L1) of the shoot apical meristems and have been shown specifically to bind the L1 box sequence, suggesting a regulatory role of L1 layer-specific gene expression (Abe et al., 2003) . The double pdf2-1 atml1-1 Arabidopsis mutant fails to differentiate epidermal cells, confirming the central role these transcription factors perform (Abe et al., 2003) .
In maize, the HD-Zip IV member, OUTER CELL LAYER 1 (OCL1), has been proposed to regulate cuticle biosynthesis (Javelle et al., 2010; Depège-Fargeix et al., 2011) . Overexpression of OCL1 in maize resulted in modulated expression of a number of genes involved in lipid metabolism, defence, cell envelope-related functions, and cuticle biosynthesis (Javelle et al., 2010) . Specifically, orthologues of the cutin and wax transporter, AtWBC11 (white brown complex 11), and the fatty acyl-coenzyme A reductase, AtFAR1, were shown to be downstream targets of the OCL1 protein.
Overexpression of OCL1 led to increased expression of ZmWBC11a and in turn to an increase in accumulation of extracellular cuticular wax compounds (Javelle et al., 2010) . It was also suggested that OCL1 interacts directly with the promoter of ZmWBC11a (Javelle et al., 2010) . The effect of the increase in ZmFAR1 expression caused by OCL1 overexpression was observed in the increase in C24 to C28 alcohols found in the cuticular wax of maize kernels.
In tomato, an HD-Zip IV member named CD2 (CUTIN DEFICIENT 2) was identified by map-based cloning of cuticular mutant genes (Isaacson et al., 2009 ). The CD2 protein showed a high level of homology to AtANL2 and was reported to regulate cutin monomer biosynthesis (Isaacson et al., 2009; Nadakuduti et al., 2012) . Expression of CD2 was localized to the epidermal cell layer of tomato (Nadakuduti et al., 2012) . The cd2 mutant displayed a variety of phenotypes including reduced anthocyanin accumulation, a lower density of glandular trichomes, an associated reduction in trichomederived terpenes and a dramatic reduction in cutin content in the tomato fruit cuticle (Isaacson et al., 2009; Nadakuduti et al., 2012) . Interestingly, an insignificant change in waxes was observed and the water retention of cd2 tomato fruit was only mildly affected, supporting the view that waxes are more important than the structural cutin polymer in waterproofing. Nevertheless, an increase in stiffness and susceptibility to fungal infection was observed in the cd2 mutant (Isaacson et al., 2009) .
A global network of transcriptional regulation and epidermal cell differentiation
Although there is some debate about which phyla shares the closest evolutionary relationship with land plants (embryophytes), the charophytes are typically considered to be land plants' closest extant relative (McCourt et al., 2004) . The evolutionary divide between these mostly fresh water green algae and land plants occurred approximately 450 million years ago. While initial plant life on land probably occurred in moist environments, the atmosphere was still significantly drier than life under water. The development of the cuticle together with the specialised epidermal cells such as stomata occurred concurrently as mechanisms to cope with this major change in environment. Therefore, since the beginning of plant life on land, the regulation mechanisms governing epidermal cell differentiation and the biosynthesis of the cuticular layer have been co-evolving. Recent studies of the transcriptional networks controlling these processes have elucidated some of the molecular mechanisms involved in the cross talk and coordination of these programmes of plant development.
The transcription factors discussed in this review have either been directly linked to epidermal cell patterning and differentiation or form part of a gene family shown to be involved in this regulation. As highlighted above, the HD-ZIP IV transcription factor family has been shown in a variety of plants to be regulating processes in epidermal cells. Examples include seed mucilage production and root cell wall biosynthesis by AtGL2 (Rerie et al., 1994; Ishida et al., 2007; Tominaga-Wada et al., 2009) ; trichome development by AtHDG11 (Nakamura et al., 2006) and GhHD-1 (Walford et al., 2012) ; and control of epidermal cell fate by SlANL2 (CD2), ATML1, and AtPDF2 (Abe et al., 2003; Nadakuduti et al., 2012) . A recent study has further elucidated the mechanism by which AtATML1 and AtPDF2 maintain epidermal cell identity (San-Bento et al., 2013) . The authors describe a feedback loop between the two transcription factors and the receptor kinase ARABIDOPSIS CRINKLY4 (AtACR4) that is capable of maintaining robust epidermal cell identity post-germination via cell-cell communication.
The dual action of transcription factors involved in cuticle biosynthesis and epidermal cell differentiation has been further illustrated by the work performed on the members of the SHN1/WIN1 clade of the AP2-domain superfamily. The regulation of cuticle biosynthesis by AtSHN1 and SlSHN3 was discussed earlier; however, these transcription factors have also been shown to have an impact on epidermal cell differentiation (Aharoni et al., 2004; Broun et al., 2004; Shi et al., 2011; Shi et al., 2013) . It appeared that in tomato, SlSHN3 acts relatively high up the pathway as it is able to modulate the expression of regulatory genes including the HD-ZIP IV genes SlGL2, SlPDF2d, and SlHDG11a; and the R2R3 MYB factor, SlMIXTA-like gene (Fig. 2C) (Shi et al., 2013) . The MIXTA-like clade of MYB transcription factors has been demonstrated to regulate conical epidermal cell formation (Noda et al., 1994; Baumann et al., 2007; Di Stilio et al., 2009) and trichome and cotton fibre development (Perez-Rodriguez et al., 2005; Machado et al., 2009; Gilding and Marks, 2010; Plett et al., 2010; Walford et al., 2011) . Recent work has shown that the AtMIXTA-like protein is also able to regulate cuticle biosynthesis (Oshima et al., 2013) in Arabidopsis. Unpublished data from our lab also demonstrates this dual role in the case of a tomato MIXTA-like factor (Lashbrooke and Aharoni, unpublished data). Interestingly, in Arabidopsis it was shown that AtMIXTA-like regulates AtSHN (Oshima et al., 2013) , while in tomato the reverse appears to be the case (Shi et al., 2013) . This aptly illustrates the complex nature of the transcriptional relationship between epidermal cell patterning and cuticle biosynthesis.
Hormonal regulation of cuticular wax biosynthesis
Due to its role in the protection of the plant against abiotic stresses, the plant cuticle is strongly regulated in response to environmental cues such as osmotic stress. Biosynthesis of waxes and the cutin matrix would appear to be under independent control as their synthesis and deposition is not correlated across organs or during development (Bargel et al., 2006) . The intra-cuticular waxes are considered to be the major element contributing to the waterproofing of the plant, and wax deposition is typically increased when the plant is under various stresses such as osmotic stress (Shepherd and Wynne Griffiths, 2006; Seo et al., 2011) , or in organs that demand increased protection from osmotic stress, such as fleshy fruit (Vogg et al., 2004; Leide et al., 2007) .
Osmotic stress is known to stimulate the synthesis of abscisic acid (ABA), which in turn activates a number of responses in the plant with the purpose of reducing the stress or minimising the damage caused (Finkelstein and Rock, 2002; Zhu, 2002; Nambara and Marion-Poll, 2005) . Kosma et al. (2009) showed that ABA application to Arabidopsis plants resulted in a significant increase in the wax component of the cuticle, but observed no significant changes in cutin content. Arabidopsis plants overexpressing AtMYB96 display a phenotype resembling that of plants grown under abiotic stress conditions (Seo et al., 2009) . Further analysis showed that MYB96 expression was up-regulated by drought in an ABA-dependent manner and it's expression levels were positively correlated with plant resistance to water stress (Seo et al., 2009) . In a continuation of this work, Seo et al. (2011) identified genes up-regulated by AtMYB96 expression. These genes included many characterized wax biosynthetic and transport genes such as KCS1, KCS2, KCS6, ECERIFERUM1 (CER1), CER3, and WBC11. The results suggested that MYB96 functions as a transcription factor that regulates the entire wax metabolic network in response to ABA signaling.
ABA biosynthesis proceeds with the concomitant step of oxidative cleavage of epoxycarotenoids by NCED (9-cisepoxycarotenoid dioxygenase) (Schwartz et al., 1997) . Analysis by Wang et al. (2011) of an Arabidopsis mutant that failed to induce NCED expression under osmotic stress found that the plant was mutated in a gene orthologous to BODYGUARD, encoding a protein probably required for proper cutin polymerization (Kurdyukov et al., 2006) . The results of this study suggested that an improperly formed cuticle is unable to mediate a normal osmotic stress signal. This observation was confirmed after analysing a number of additional cutin biosynthesis mutants, including lacs2-1, gpat4gpat8 and cyp86a8, which all exhibited a reduced induction of ABA in response to osmotic stress (Wang et al., 2011) . Further, this effect was only observed in cutin biosynthesis mutants and not the mutants of wax biosynthesis tested, suggesting that cutin, but not wax, is required for an osmotic stress response. It remains to be seen whether this phenomenon occurs in fruit species as well, although the conserved nature of cuticle biosynthesis and regulation in general indicates that this is likely to be the case. The link between the cuticle and ABA biosynthesis is still unclear, although it has been suggested that epidermal cell wall or cuticle-associated proteins that are necessary for proper osmotic stress sensing and signal transduction are unable to function correctly due to incorrect localization caused by the structurally defective cuticle (Wang et al., 2011) .
Gibberellins have also been implicated in the regulation of cuticle biosynthesis. Arabidopsis plants with a mutation in GLABRA1 (GL1), a gene that plays an important role in trichome development, was treated with gibberellic acid and this resulted in an increase in cuticular components (Xia et al., 2010) . Further, it has been observed that gibberellins are able to increase cuticle deposition in tomato (Knoche and Peschel, 2007) and apple (Barandoozi and Talaie, 2009) . Gibberellins are routinely used to prevent apple russet, a disorder resulting from damaged or improperly formed cuticle. The mechanism of gibberellin-induced cuticle biosynthesis has not been fully elucidated, athough it seems that in Arabidopsis the SHN1/WIN1 transcription factor is at least partially responsible for mediating the gibberellin signal with regard to cuticle biosynthesis (Shi et al., 2011) . This was evident when analysing the Arabidopsis gibberellin biosynthesis mutant ga1-3, which displayed reduced SHN1/WIN1 expression, while exogenous application of gibberellic acid to ga1-3 plants increased the levels of SHN1/WIN1 (Shi et al., 2011) . The reduction in SHN1/WIN1 was consistent with a reduction in cutin load in ga1-3 plants.
Additional regulatory mechanisms of cuticular pathways
While up until now most of the findings with respect to the regulation of cuticular pathways have involved transcriptional regulation, some are concerned with post-transcriptional mechanisms. In Arabidopsis, an exosomal exoribonuclease (CER7) was identified that apparently degrades mRNA(s) that encode a repressor of CER3, a major wax biosynthesis gene (Hooker et al., 2007) . Absence of CER7 expression in cer7 mutants resulted in reduced CER3 expression and a concomitant reduction in stem wax. Recently two genes have been identified as potential degradation targets of CER7: RNA-DEPENDENT RNA POLYMERASE1 (RDR1); and SUPPRESSOR OF GENE SILENCING3 (SGS3) (Lam et al., 2012) . Both genes encode components of the RNAimediated gene silencing pathway, and it was therefore hypothesized that CER7 is able to degrade a small RNA species that negatively regulates the CER3 wax biosynthesis gene (Lam et al., 2012) . Another gene involved in RNA processing that has been implicated in the regulation of cuticle biosynthesis is the Arabidopsis Cap Binding Protein 20 (AtCBP20) (Jäger et al., 2011) . AtCBP20 encodes a protein that is part of a complex implicated in splicing, mRNA 3′-end maturation, and in the export of snRNAs from the nucleus (Jäger et al., 2011) . Arabidopsis cbp20 mutants are hypersensitive to ABA and display an increase in cuticle thickness as well as an increase in both trichome and stomata density (Jäger et al., 2011) . This mutant therefore further highlights the connection between epidermal cell identity, cuticle biosynthesis, and hormonal regulation, and may prove interesting for further study.
Another likely component of the post-transcriptional regulatory system involved in cuticle biosynthesis is CER9 (Lü et al., 2012) . This Arabidopsis gene encodes an E3 ubiquitin ligase involved in the degradation of misfolded proteins in the endoplasmic reticulum. Arabidopsis cer9 mutants show modifications in leaf and stem waxes, which, together with the fact that the biosynthesis of cuticle waxes occurs in the endoplasmic reticulum, has led to the proposal that CER9 plays a role in maintaining the homeostasis of key cuticle biosynthesis genes (Lü et al., 2012) . Future work to identify the targets of CER9 and the small RNAs involved in CER7 mediated regulation is yet to be done. The identification of the orthologous processes in fleshy fruit will be of particular interest.
Recent work has highlighted the role of chromatin remodelling in the regulation of cuticle biosynthesis (Ménard et al., 2014) . The authors identified two RING E3 ligases, HISTONE MONOUBIQUITINATION 1 and 2 (HUB1 and HUB2), that were required for the proper expression of the cuticle biosynthesis genes LONG-CHAIN ACYL-CoA SYNTHASE2 (LACS2), CYP86A2, HOTHEAD and CER1. Chromatin immunoprecipitation assays performed with Arabidopsis mutants hub1-6 and hub2-2 showed that the mutants were impaired in dynamic changes of histone H2B monoubiquitination at specific loci of LACS2, CYP86A2, HOTHEAD and CER1, resulting in the down-regulation of transcription of these genes and a range of cuticle-deficient phenotypes.
Conclusions and future prospects
The regulation of cuticle biosynthesis and deposition probably forms part of a global regulatory network controlling epidermal cell differentiation and response to environmental stresses. Regulation therefore occurs on multiple levels creating a complex network not just of transcription factors but also elements of post-transcriptional regulation and epigenetic effects. Together this makes the regulation of cuticle structure and function both a fascinating and challenging topic of research. It is of particular interest in fleshy fruit due to the great impact the cuticle may have on fruit quality traits including resistance, appearance, and texture. The mechanical failure of the fruit cuticle leads to sizable economic loss for both farmers and retailers, while conversely the fruit surface is the major feature by which the consumer is able to judge fruit quality. Hence, research that provides a greater understanding of the regulation of the processes involved will allow improvement of these and other cuticle-derived traits.
